Abstract To reduce the thermal shrinkage of the polymeric separators and improve the safety of the Li-ion batteries, plasma treatment and plasma enhanced vapor chemical deposition (PECVD) of SiOx-like are carried out on polypropylene (PP) separators, respectively. Critical parameters for separator properties, such as the thermal shrinkage rate, porosity, wettability, and mechanical strength, are evaluated on the plasma treated PP membranes. O2 plasma treatment is found to remarkably improve the wettability, porosity and electrolyte uptake. PECVD SiOx-like coatings are found to be able to effectively reduce the thermal shrinkage rate of the membranes and increase the ionic conductivity. The electrolyte-philicity of the SiOx-like coating surface can be tuned by the varying O2 content in the gas mixture during the deposition. Though still acceptable, the mechanical strength is reduced after PECVD, which is due to the plasma etching.
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Introduction
A separator is a critical component in liquid electrolyte batteries, as it significantly influences battery performance such as current density, maximum power, cycling life and safety. In a liquid electrolyte battery, the separator is placed between the positive and negative electrodes to prevent their physical/electrical contact while allowing the ions to freely transport. The separator is usually either a microporous polymeric membrane or a non-woven fabric mat. The separator must be both chemically and electrochemically inertial towards the electrolyte and the electrode materials. Also, the separator is preferred to be wettable towards the electrolyte and should be sufficiently porous to absorb liquid electrolyte for high ionic conductivity. However, the porous polymeric separator, normally polypropylene (PP) or polyethylene (PE), suffers from the intrinsically high thermal shrinkage rate, which not only set an upper limit for the battery operation but also may cause some safety issues, as the thermal runaway may occur when triggered by occasional circuit shorting. To improve the performances of batteries, such as thermal stability, wettability, and capability as well as safety, conventional polymeric separators have then been treated by blending inorganic composite [1, 2] , polymeric surface modification [3, 4] , grafting polyethylene glycol chains [5, 6] , or polymer surface coating [7] . Filling inorganic SiO 2 [8, 9] or Al 2 O 3 [10] micro-particles into the polymer matrix was also used, and comparatively, filling SiO 2 seems more promising, since Al 2 O 3 was found to react with the electrolyte and thus compromise the membrane stability [11] , while SiO 2 , on the other hand, not only significantly improved the thermal stability, but the contact wetting towards the electrolyte was also improved [12] . Recently, a different approach of using atomic layer deposition of TiO 2 was employed to significantly reduce the thermal shrinkage without decreasing the high porosity of the PP separator [13] . This suggests that coating oxides by vacuum based technology is a promising alternative approach for this application.
In this paper, we employed plasma treatment and the plasma enhanced chemical vapor deposition (PECVD) method to modify the PP separator for Li-ion batteries. The microporous PP separators were treated in Ar or O 2 plasma, and coated with a SiO x -like layer, respectively. We found that after the SiO x -like coating, the thermal shrinkage of the membranes was significantly improved, and the ionic conductivity was also improved.
Experiment
The process of separator modification in plasma was carried out in glow discharge plasma. Both the plasma treatment and PECVD were carried out in a stainlesssteel vacuum chamber as Fig. 1 shows. The plasma was generated between two parallel plate electrodes. The radio-frequency (13.56 MHz) power was applied on the upper electrode (250 mm in diameter), while the bottom electrode (same size) was grounded. Hexamethyldisiloxane (HMDSO) as the precursor for SiO x -like deposition was fed into the chamber by self-evaporation, and oxygen used as oxidant was controlled by a mass flow controller. We employed three kinds of substrates in SiO x -like coating deposition. The KBr pellets as substrate were used for carrying out the chemical structure analysis; monocrystal Si with a single side polished was used for the scanning electronic microscope (SEM, Shimadzu SS-550, Japan); and the PE separator was used for measurements of wettability, porosity, electrolyte uptake and mechanical properties. The Si substrates, prior to being put into the chamber, were cleaned sequentially in ultrasonic baths of isopropyl-ketone and deionized water for 15 min, respectively, then dried by nitrogen stream.
A fourier transform infrared spectroscope (FTIR) was employed to measure the chemical structure (FTIR-8400 model, scanning range of 400-4000 cm −1 , resolution of ±4 cm −1 , Shimadzu Corporation, Japan). The surface morphology was obtained by a scanning electronic microscope (SEM, Shimadzu SS-550, Japan). For the measurement of the tensile strength, the samples were cut into the size of 200 mm×50 mm (length × width) and carefully mounted onto the instrument Instron-6022 (USA) with a gauge of 100 mm in length, and the strain rate was set at 30 mm/min. The porosity was evaluated by the gas permeation rate, which was measured by the bubble point method (ASTM D726) using the Automated Perm Porometer (Porous Materials, Inc., USA) by measuring the passing-through time for 50 mL Ar at one atmosphere pressure. The Gurley values were obtained directly from the Gurley type densometer. For the measurement of the electrolyte uptake, the membranes were firstly immersed in the electrolyte, i.e. 1.15 mol/L LiPF 6 in the mixed solvent of ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) (EC:DMC:DEC=3:1:1 (by weight), water<30 ppm), for 0.5 h, and then dried in the air environment for 3 min. The electrolyte uptake was determined by (W 2 − W 1 )/W 1 × 100%, where W 1 and W 2 were the masses of the dry and wet membranes, respectively. The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS) with a stainless steel (SS)/separator/SS symmetrical cell, where the separator was immersed into the electrolyte for 2 h and dried in the air for 3 min. In the EIS measurement, the amplitude of the alternative current (AC) was 5 mV and the frequencies were varied from 10 5 Hz to 0.1 Hz.
Results and discussion
We firstly exploited the change of the water contact angle (WCA) on the PP surface after the plasma treatment. The WCA of the untreated PP membrane was 89
• ±3
• indicating the unfavored hydrophobic nature of the PP separator [13] . However, after the plasma treatment for 60 s, the surface converted to hydrophilic as the WCA decreased to 68
• and 6
• for Ar and O 2 plasma treatments, respectively. The Ar plasma treatment decreasing the WCA was caused from the physical etching, whereas the surface component change in O 2 plasma decreasing the WCA was mainly due to the polar groups newly formed on surface. It was evident by ATR-FTIR in Fig. 2 that the spectrum clearly shows a peak at 1730 cm −1 after the treatment, which corresponded to the polar groups of -C=O, -COOH and C-OH that should be responsible to the hydrophilicity [14−16] . Thus, the electrolyte absorption of the PP separators was expected to improve after the plasma treatment as well. The plasma treatment was found to increase the porosity of the PP membrane. As shown in Table 1 , the porosity of separators increased from 40.3% to 42.7% after the Ar plasma treatment, and reached ca. 62% after the O 2 plasma treatment. This increase should be beneficial to achieve a high ionic transport rate in high rate capacity batteries. The SEM images in Fig. 3 further confirm the increase of the porosity after the plasma treatment. For the untreated PP separators, as shown in Fig. 3(a) , the microporous polymer network had a laminar arrangement with thin bridging fibers, which was formed by uniaxially machine stretching during the fabrication process of the polymeric membranes. After the Ar plasma treatment, as shown in Fig. 3(b) , the top polymer was partially etched away, and thus the membrane porosity was slightly increased. For the O 2 plasma treatment however, the etching rate of the reactive atomic oxygen was much higher. Thus, the thinfiber micro-structure of the polymer was completely etched away ( Fig. 3(c) ), resulting in a significant increase in the porosity. The electrolyte uptake of the membrane was improved after the plasma treatment. As shown in Table 1, the electrolyte uptake after the Ar and O 2 plasma treatments increased by 7.5% and 14.6%, respectively. This improvement is due to the combinational effects from the change of electrolyte contact angle (from electrolyte-phobic to electrolyte-philic) and the increase of the porosity. Therefore, we conclude that two critical parameters of the PP separators, i.e. electrolyte uptake and porosity, can be simultaneously improved by the plasma treatment, and comparatively, O 2 plasma provides more pronounced improvement.
We then employed the PECVD SiO x -like coating onto the PP separators and investigated the SiO x -like effect on their thermal stability and shrinkage. Various ratios of O 2 :HMDSO were used for depositing the SiO x -like coating. The chemical compositions of the asdeposited films were investigated by FTIR, as shown in Fig. 4 . The results suggested that the component of the coating in fact was SiO x C y H z , increasing the O 2 content in the gas mixture leading to a gradual decreasing of the -CH n group, as the peak intensity at 2800-2930 cm −1 gradually decreased and eventually diminished [17] . The peak at 1250 cm −1 associated with the Si-(CH 2 ) 3 group also disappeared with the high O 2 concentration, which indicated that HMDSO could be completely oxidized in a high oxygen concentration plasma environment. In addition, based on the Lambert-Beer law, the deposition rate was the fastest at the ratio of O 2 :HMDSO=2:1, as the peaks' intensities were the strongest. The surface electrolyte-philicity of the SiO x -like was tunable. As suggested by Fig. 5 , by varying the ratio of O 2 : HMDSO, wide ranges of WCA from 35
• to • and electrolyte contact angle from 26.3 • to 63.7
• can be obtained, which are very beneficial for adjusting the wettability of separators. For comparison, Celgard 2340, and sol-gel SiO x coated polycarbonate (PC), was not wettable in the electrolyte, even though it had an improved thermal stability [12] . However, we noticed that a too thick SiO x -like coating could block the pores of the membrane. As shown in Fig. 6 , when the coating thickness approached to 22.8 nm (Fig. 6(e) ) the pores could barely be seen. In this case, the ionic transport through the separator might be blocked. The porosity and electrolyte uptake were then measured, and the results are shown in Fig. 7 . As expected, the porosity decreased from 40.28% to 32.01% when the separators were covered by up to 22.8 nm of SiO x -like coatings. The electrolyte uptake, on the other hand, increased after the SiO x -like coating (Fig. 7) . This suggested that very likely the SiO x -like layer was only deposited on the top surface of PP, as PECVD is unlikely to be able to deposit materials too deeply into the porous structure. However, the etching process, which was caused by the atomic oxygen, occurred simultaneously with the SiO xlike deposition process. The etching could occur much deeper inside the pores, as the small oxygen atoms were lighter and could diffuse faster, and thus the pores deep inside the membrane were enlarged and could uptake more electrolytes. Fig.7 The relationship of SiOx-like coating thickness on the porosity and the electrolyte uptake The electrochemical impedance spectrum was measured to further support this point. Fig. 8 shows the impedance spectra of the SiO x -like coated PP membranes with various SiO x -like thicknesses. The equivalent circuit to fit the spectra comprises of an electrolyte resistance and an interface resistance in series, with a constant phase element attached to each resistance in parallel [18] . The electrolyte resistance, which corresponds to the flux of electrolyte, changes due to the change of the pore diameter and the porosity by the SiO x -like coating. When there was no coating or the coating was thinner than 30 nm, there was only one semicircle located at medium frequency, which was associated with an interface resistance that corresponded to the ionically conducting surface layer on the electrode. The resistances of 6 nm and 22 nm coated separators were the smallest. When the coating was 60 nm in thickness, a second semicircle appeared at high frequency, which suggested that the electrolyte resistance was fairly large and the pores were likely blocked by the thick coating. For the untreated membrane, the bulk resistance and the calculated ionic conductivity at room temperature were 40 Ω and 6. [6] . This increased ionic conductivity suggested that more electrolytes were absorbed in the pores, as the pore size was enlarged by the etching process.
The thermal shrinkage rate is another critical factor for separators. We measured the SiO x -like coated PP separators by putting the samples in a heated oven for 0.5 h, and then measure the size shrinkage before and after the heat treatment [19] . Three typical temperatures were chosen, and the results are shown in Fig. 9 . When the heat treatment was performed at 120
• C, the SiO x -like coated PP showed very good shrinking resistance with only ca. 2% shrinkage for the 70 nm SiO xlike coated PP as compared to 20% shrinkage for the bare PP separator. When the heating temperature was 140
• C, the shrinkage rate was similar for all samples since the shutdown temperature of PP was at ∼140
• C. When the temperature was 160
• C, which was close to the melting temperature of PP, the shrinkage rate was smaller again for the SiO x -like coating PP, as the SiO x -like coating could support the soft polymer. The minimum shrinkage rate was obtained for the 57 nm SiO x -like coated PP. For a thicker SiO x -like coating, e.g. 110 nm, severe deformation could compromise the integrity of the coating, and thus the shrinkage rate was actually larger. However, the mechanical strength of the PP separators was compromised by the PECVD SiO x -like coating. Although still acceptable, the tensile strength of the separator decreased from 137 MPa to 60 MPa, and the puncture strength decreased from 118 N to 54 N, after 70 nm SiO x -like coating (Fig. 10) . These results are not surprising, as plasma usually generates damages and breaks the polymer bonds, and thus reduce the mechanical strength of the membrane. 
Conclusions
In this work, we applied the plasma treatment on PP separators, and found that the O 2 plasma treatment could significantly improve the wettability, microporosity and electrolyte absorption of the PP separators. Then we used PECVD to deposit SiO x -like coating on PP separators, and found that the amount of electrolyte absorption could be greatly increased and the electrolyte philicity of SiO x -like coating the PP separator could be tuned through varying the O 2 concentration of the gas mixture. We think that the atomic oxygen etching the PP fibers for the high electrolyte absorption and reacting with the precursor HMDSO to form the SiO x -like coating was simultaneous. As a result, the performance of the separator was improved in thermal shrinkage and ionic conductivity after the SiO x -like coating.
